A threshold-based algorithm is presented for the extraction of the pectoral muscle edge in mediolateral oblique view mammograms. The minimum cross-entropy thresholding algorithm is applied to local areas around the pectoral muscle to determine a series of thresholds as a function of area size. Using a model image it is shown that an inflection point in this b c t i o n corresponds to a threshold that will separate the pectoral muscle from the rest of the breast. Post processing is performed on mammograms to eliminate false positive points of inflection and a straight line is fitted to the detected pectoral boundary in order to smooth jaggedness caused by the non-uniform intensity of the pectoral muscle edge.
Introduction
gram, the image corner containing the pectoral muscle is found using an automated orientation algorithm [3]. To determine orientation, the The pectoral muscle in a mediolateral oblique breast tissue near the skin is extracted and its inregion in One corner Of the image* Location Of Once the chest wall is located, the characteristic the pectoral muscle edge is a basic segmentation asymmetry of the mediolateral oblique view is step in the process of isolating different regions used to find the top of the image. The pectoral Of the mammo@am-Of the pectora' muscle lies at the top of the image on the side of muscle tissue and its boundary is a prerequisite the chest wall. To simplifl further processing, for tasks ranging from the classification of breast the image is re-oriented to place the pectoral type [l] to image registration [2] . A straight-line muscle in the top left corner. approximation to the muscle edge is typically used in these tasks. dicated on the image histogram in Fig. l(c) . The regions are separated in the image but overlap in the histogram; they correspond to (i) the pectoral muscle, (ii) fatty breast tissue, (iii) denser glandular tissue and (iv) the image background.
The pectoral edge represents a line between the pectoral region and the fatty breast tissue. A subimage can be taken from the top-left corner that will contain only those two regions, excluding the denser glandular tissue and the image background. Such an image is shown in Figure 2 (a). Its histogram in Figure 2 (b) contains two peaks corresponding to the pectoral muscle and fatty tissue regions. This shows the segmentation of the pectoral muscle to be a two-class thresholding problem for a subset of spatially separable image pixels.
This problem is investigated using a two-class model image shown in Figure 3 (a). A bright region representing the pectoral muscle Figure 3 (ai) is set on a dark background Figure 3 (a-ii) representing the fatty tissue. A Gaussian intensity distribution has been used for these two regions. The model image histogram is shown in Figure  3 (b). The four parameters to define this model (and this specific model image) are: a) mean intensity of pectoral muscle, or mid-point of the pectoral histogram peak (0.7), b) mean intensity of the model background histogram peak (0.3), c) the standard deviation of both Gaussian distributions (0.007) and d) the aspect ratio of the rectangle enclosing the pectoral muscle (4:7), the aspect ratio being defined here as ratio of width to height. Knowing the aspect ratio, it is adequate to state the dimensions of only one side to specify a window size; the width will be used here. thus can be extracted from the image histogram making the algorithm speed independent of image size, (but dependent on image depth). The grey level corresponding to the lowest cross-entropy is used as the resultant threshold.
The minimum cross-entropy thresholding algorithm is applied to rectangular windows of fixed aspect ratio and varying width anchored to the top-left image corner. A wide range of window aspect ratios has been tried on the model with similar results. Due to the exclusion of mammogram regions (iii) and (iv) in Figure 3 (b) from the model, the window aspect ratio for a mammogram must be set to exclude these regions from the window for as many window sizes as possible. A useful aspect ratio is that of the window containing the entire pectoral muscle, this however varies between mammograms. An aspect ratio of (1 :2) has been chosen here to demonstrate results on images with a variety of pectoral aspect ratios, including the model image and actual mammograms.
The relationship between minimum cross-entropy threshold and window width for the model is examined in Figure 4 stem is used to mark the minimum cross-entropy.
For windows containing a majority of pectoral pixels a narrow minimum in the cross-entropy graph results in a region corresponding to the model pectoral intensities. The location of the minimum moves towards the mean intensity of the model pectoral Gaussian as the window width decreases (Figure 5a ).
When the number of model background pixels is greater then the number of pectoral pixels a narrow minimum occurs in the cross-entropy function at the background pixel intensities. The location of the minimum converges towards the mean of the background Gaussian as the number of background pixels increases (Figure 5c ).
The middle ground between the two narrow minimums is a broad minimum occurring when an equal number of pixels from the two classes are present in the window. The minimum corresponds to a threshold to separate the two classes ( Figure 5b ).
The characteristics of the cross-entropy minimum for varying window sizes are summarised by the graph of minimum cross-entropy threshold versus window width shown in Figure 6 (a). The two regions converging to mean pectoral and mean background intensities are divided by a point of inflection, shown in the figure; this point corresponds to the broad minimum occurring in Figure  5 (b). The location of the inflection point has been determined by examining the first and second derivatives of the function, graphs of which are omitted to conserve space. The inflection point is of interest since this threshold divides the model pectoral muscle from the background. The border of objects extracted from the model using this threshold is shown superimposed over the model image in Figure 6 (b).
Comparing this model to an actual mammogram, Figure 7 (a) shows the threshold versus window width graph for the MIAS image from Figure  l (a). The shape of this function is a close approximation to the shape of the model function for small window sizes. The inflection point, found from the first and second derivative, is shown in the figure. The border of regions extracted using the inflection point threshold is shown in Figure 7(b) , showing an outline near the pectoral boundary.
To demonstrate an inflection point exists, the first and second derivatives were examined by manual inspection. In order to determine thresholds with- without user intervention, the inflection points 2.1 Deviation from the Model image. The pectoral boundary can vary in intensity along its length and defining a single intensity to extract it leads to jaggedness in some parts of the border. Also, due to the glandular tissue tance between pixels nearest each opposite corner having similar grey levels to the pectoral muscle, is then taken as the gradient. A tally of gradients parts of it will also be outlined when using the and the number of pixels of each gradient is kept. correct threshold, as is shown in Figure 7(b) . Since the pectoral muscle is the most distinct and These are overcome by the post processing de-straightest boundary in the image, the most comscribed below.
mon pixel gradient can be assumed to belong to it, thus the straight line that is fitted to the binary 2.2 Post Processing border image must correspond to that gradient.
To locate the outline most likely to correspond to once a series of straight lines is fitted to comethe pectoral muscle and to eliminate the jagged spend to each threshold, it remains to differentiboundaries, a Set Of straight lines iS fitted to the ate between the actual pectoral boundary and the image. Each line is fitted to the border pixels of boundaries resulting from non-pectoral points of objects extracted using one of the inflection point inflection. The pectoral boundary represents a thresholds. TO fit the line, a simple gradient Op-division between two regions of the m m oerator is applied to the binary border. The hori-gram. One side of the boundary has relatively zontal edges of a window around each Pixel in the hi& intensities due to the presence of the pectoral border are examined-Due to its angle, the Pecto-muscle, the other side is relatively dark. A line ral boundary is from one a x~~e~ fitted accurately will display the properties of this of the window to a point near the Opposite Comer. boundary. T~ determine which fitted line is most As the location ofthe pectoral muscle is known, representative of the pectoral outline, a pixel these COrIlerS are known also. The horizontal dis-neighbourhood is taken from each side of a line and the mean pixel intensity difference from one neighbourhood to the other is determined. The line that maximises the difference is chosen as the best estimate of the pectoral boundary.
Results and Discussion
The algorithm produces visually acceptable results for a wide range of images in the MIAS database as shown in Figure 8 (a-c). Inaccurate results arise for a number of reasons. In images where the pectoral muscle boundary lies at various angles (e.g. MIAS image mdb035 in Figure  8d ), an inaccurate straight line fit results. Various inflection points exist in the functions of images where the pectoral muscle is broken up into diverse regions. These may result in the line being fitted to points inside the actual pectoral muscle, depending on their properties. In image mdb062 (Figure se) , there is no strong outline for the pectoral muscle so an internal region is extracted. In image mdb123 (Figure 80 , an obvious pectoral outline can be seen, however an internal region also displays the properties of a straight-line boundary between two intensity regions and is extracted instead.
Further use of the expanding window is being investigated for extraction of the pectoral muscle edge as well as a general segmentation algorithm.
Conclusion
An algorithm for segmenting the pectoral muscle from mediolateral oblique view mammograms has been presented. A series of intensity thresholds is found for the pectoral edge by applying the minimum cross-entropy thresholding algorithm to variable sized areas around the pectoral muscle. Each threshold is graphed as a point in a function against the window size it came from. Properties of this function determine a threshold to segment the pectoral muscle and straight line fitting is used to generate a cleaner pectoral line.
